Cell-free extracts from Rickettsia typhi were examined for the presence or absence of pyrimidine phosphotransferase enzymes and compared with the enzymes of mouse L cells and Salmonella typhimurium. The organisms were grown in mouse L cells and in the yolk sacs of chicken embryos, purified by Renografin density gradient centrifugation, and ruptured in a French pressure cell. The enzymes for the reutilization of uridine and thymidine, uridine kinase (EC 2.7.1.48) and thymidine kinase (EC 2.7.1.21), were not detected in R. typhi extracts with the phosphate donors effective for control enzymes. The following enzyme activities were demonstrated in R. typhi: uridine-5'-monophosphate kinase (UMPK, EC 2.7.4.4), deoxythymidine-5'-monophosphate kinase (dTMPK, EC 2.7.4.9), and nucleosidediphosphate kinase (NDPK, EC 2.7.4.6). Physicochemical and enzymatic analyses demonstrated that the pyrimidine nucleotide kinases of R. typhi were not of host origin and that the source (yolk sac and mouse L cells) did not influence the relative enzymatic activities. Lhe specific activities of UMPK and dTMPK were higher when the rickettsiae were harvested before embryo death, whereas NDPK levels were slightly decreased. The specific activities of UMPK, dTMPK, and NDPK were comparable to those of S. typhimurium, and consequently the rickettsiae have potential for the anabolism of monophosphates, as do the host-independent bacteria. These results suggest that R. typhi cannot utilize host uridine or thymidine pools directly but must rely on the monophosphorylated molecules of the host cell or must synthesize the monophosphates de novo. ['4C]thymidine was not incorporated. On the basis of these experiments, which suggest that rickettsiae are capable of at least some steps in the biosynthesis of pyrimidine nucleotides, we initiated an investigation of the "salvage" pathway at the level of uridine and thymidine metabolism (Fig. 1) . In this paper we report on the presence or absence of certain enzymatic activities leading to pyrimidine nucleotide biosynthesis from cell-free extracts of R. typhi separated from yolk sacs and mouse L cells. Enzymatic reactions generally associated with energy-yielding metabolism were discussed by Coolbaugh et al. (3).
The enzymatic capabilities of the rickettsiae have received limited attention largely because of the problems involved in purifying them from host cell material by procedures that are not detrimental to their physiological activities. Recently, a technique was developed for the separation of viable Rickettsia typhi from yolk sac and mouse L-cell host components (19) that enabled us to investigate the enzymatic activities of cell-free extracts and to compare these activities with what is known of rickettsial physiology, as was discussed in detail in a recent review (18) .
Investigations on the enzymatic activities leading to pyrimidine nucleotide biosynthesis in the rickettsiae have been limited to only a few observations in Coxiella burnetii. Mallavia and Paretsky (12) have demonstrated, in cellfree preparations, synthesis of the pyrimidine precursor ureidosuccinate, which is required for the functioning of the de novo biosynthesis of the pyrimidine nucleotides. Furthermore, it has been demonstrated by Mattheis et al. (13) that folic acid and several types of folates that are essential for a variety of biosynthetic capabilities exist in C. burnetii. More recently, Weiss et al. (20) have shown that R. typhi and R. akari grown in mouse L cells incorporated ['4C ]adenine into their nucleic acids, whereas
['4C]thymidine was not incorporated. On the basis of these experiments, which suggest that rickettsiae are capable of at least some steps in the biosynthesis of pyrimidine nucleotides, we initiated an investigation of the "salvage" pathway at the level of uridine and thymidine metabolism ( Fig. 1 ). In this paper we report on the presence or absence of certain enzymatic activities leading to pyrimidine nucleotide biosynthesis from cell-free extracts of R. typhi separated from yolk sacs and mouse L cells. Pathways for the utilization of uridine and thymidine in Salmonella typhimurium and mouse L cells. For comprehensive reviews on the behavior and interrelationships of the enzymes in the "salvage" pathways, see Anderson (1) and O'Donovan and Neuhard (14) .
previously described (21) in tris(hydroxymethyl)-aminomethane (Tris)-Fe medium. L-cell cultures were grown in medium 199 with 10% fetal calf serum and 1% L-glutamine before infection, and after irradiation the infected cells were maintained in minimal essential medium with Earle salts, 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 10% dialyzed fetal calf serum, and 1% L-glutamine.
Growth conditions. The incubation temperature for the growth of S. typhimurium and cell cultures was 37°C. Liquid cultures of S. typhimurium were grown in a Psycrotherm incubator shaker (New Brunswick Scientific Co., Inc.), and growth was monitored by measuring the increase in absorbancy at 450 nm. The cells were harvested in late log phase of growth as described previously (22) . L-cell cultures were grown as monolayers in either 75-cm2 (Falcon) or 150-cm2 (Costar) growth area plastic tissue culture flasks. After the cells and 6-day-old chicken embryos were infected with R. typhi, they were maintained at 32 and 35°C, respectively.
Preparation of rickettsial suspensions and cellfree extracts. The seed consisted of ampoules of a yolk sac suspension ofR. typhi partially purified and stored at -70°C as described previously (19) . Except as noted below, L cells and 6-day-old chicken embryos were infected with R. typhi and the rickettsiae were purified as described previously (19) .
After irradiation (3,000 R with 60Co), the cells were placed in 150-cm2 (ca. 650-ml volume) plastic flasks (10 x 106 cells/flask) and cultivated as monolayers for 5 days before infection instead of 7 days. Somewhat higher yields of rickettsiae were obtained by the earlier inoculation of the irradiated cells. The medium was removed, the cells were oscillated gently for 1 h at 32°C with 4-ml volumes of rickettsiae diluted in brain heart infusion, 50-ml volumes of medium were added, and the cultures were incubated at 32°C. Generally 40 cultures were used for each experiment. The heavily infected cells were harvested and processed immediately 140 to 148 h postinfection (20) . The infected cultures from which the rickettsiae were not separated but simply prepared as cell-free extracts were processed as follows. The cells were released from flask surfaces by brief treatment with 2 ml of 0.25% trypsin (GIBCO) in phosphate-buffered saline. The culture supernatants, the cells, and a wash of the flask with 20 ml of brain heart infusion (32°C) were combined and centrifuged at 10,400 x g (4°C) for 30 min. The pellets were resuspended gently in approximately 2 ml of phosphate-buffered saline per flask, and a sample was stained by the method of Gimenez (6) (hot-air blower). The PEI-cellulose plates were washed for 10 min in 500 ml of anhydrous methanol and air dried, and the products of the reactions were separated from the substrate chromatographically with 1.0 M HCOONa, pH 3.4, in rectangular glass tanks. The diphosphates and triphosphates were located under ultraviolet light, marked with a soft lead pencil, cut out with scissors, and placed in counting vials with 10 ml of scintillation fluid; the radioactivity was determined as described above.
Nucleoside diphosphate kinase (ATP:nucleoside diphosphate phosphotransferase, EC 2.7.4.6; NDPK) activity for the substrates UDP and dTDP was determined as previously described (22) .
Polyacrylamide gel electrophoresis (PAGE) of cell-free extracts. Cell-free extracts were prepared by centrifuging the French pressure cell-treated specimens at 80,000 x g for 30 min and dialyzing for 1 h in Tris-glycine (pH 8.3) buffer before use. The Davis (4) gel system without Triton X-100 incorporation was used with 7.5% separating gel and 3% stacking gel. Total gel length was 100 mm with a diameter of 6 mm. Samples of the extracts were diluted to an appropriate concentration of protein in 5% sucrose and bromophenol blue (tracking dye). The polyacrylamide gels were pre-electrophoresed for 30 min at 1 mA per gel before the application of the specimens to remove excess ammonium persulfate. Triplicate specimens were electrophoresed at 3 mA per gel until the tracking dye had migrated to the bottom of the gel, and one of each was stained for protein as described by Schnaitman (17) with 0.25% Coomassie blue in methanol and acetic acid and for malate dehydrogenase activity by the method of ElSharkawy and Huisingh (5). This procedure was routine to ensure that band smearing had not occurred. The third sample was quickly frozen (-70°C), sliced (Brinkmann, The Mickle Gel-Slicer) into 1-mm sections, and placed in reaction tubes (at 4°C) with 0.2 ml of reaction mixture for either UDPK or dTDPK enzyme assays as described above, except that the substrate concentration was halved. The tubes were incubated at 37°C for 2 h, and the reaction was terminated by freezing the tubes at -20°C overnight. From each tube 30 Al was removed and spotted on PEI-cellulose sheets, and the nucleotides were separated as previously described (22) .
Uptake and degradation of pyrimidine nucleosides. The uptake and degradation (CO2 evolution) of [2-14C] 
RESULTS
Nucleotide phosphotransferase enzymes of the salvage pathway. Table 1 summarizes the results of experiments carried out to characterize the uridine and thymidine phosphorylating activities ofR. typhi purified from L cells, uninfected L cells, and S. typhimurium. Since preliminary experiments indicated that R. typhi extracts did not have URK or TdRK activity, an extensive investigation was carried out on phosphate donors that could be utilized by the control preparations. ATP was not the only efficient phosphate donor. Guanosine 5'-triphosphate was an effective phosphate donor with both enzymes, and in the case of URK it was more effective than ATP. UTP and cytidine 5'-triphosphate acted as phosphate donors in the case of L-cell but not S. typhimurium enzymes. In many cases the nucleoside diphosphates and monophosphates served as effective phosphate donors. In contrast to the results obtained with the control preparations, no URK or TdRK activity was demonstrated with R. typhi preparations with any of the phosphate donors used. It is unlikely that the Renografin gradient procedure resulted in enzyme loss or inactivation, because it had no such effect on the enzymes of S. typhimurium. Furthermore, 1% Renografin added to the enzyme reaction mixture did not cause any detectable loss of enzymatic activity. In related experiments it was shown that freshly purified R. typhi cells that exhibited strong glutamate uptake did not take up or produce CO2 from uracil, uridine, or thymidine.
Uridine and thymidine monophosphate kinases. The specific activities of UMPK and dTMPK of R. typhi purified from L cells and from the control preparations are shown in Table 2 . The UMPK specific activity of R. typhi was virtually identical to that of S. typhimu- rium. The specific activity of this enzyme derived from L cells, however, was greater by almost an order of magnitude. The specific activities of dTMPK, on the other hand, were very similar in the extracts derived from all three sources. As the results indicate, R. typhi and S. typhimurium extracts had an entirely comparable UMPK/dTMPK activity ratio (somewhat greater than 10), which was considerably lower than the ratio encountered in L cells (about 100).
The demonstration that the nucleoside monophosphate kinases of R. typhi were clearly distinguishable from those of the host cell could not be accomplished by PAGE analysis, because the enzymes were inactivated by this procedure. An attempt to stabilize the enzymes by prerunning the polyacrylamide gels with cysteine (15) was not successful. In contrast, the enzymes from S. typhimurium were not inactivated on polyacrylamide gels, which suggested that the enzymes of the two organisms are inherently different. Figure 2 illustrates the differentiation of the rickettsial enzymes from those of the mouse L cells by sucrose density gradients containing substrates and diothiothreitol. The UMPK activities of R. typhi and mouse L cells were collected in clearly separable fractions, whereas rickettsial and host dTMPK activities were not separated. The UMPK and dTMPK activities of S. typhimurium sedimented in approximately the same manner as those of R. typhi.
Nucleoside diphosphate kinases. The next step in "precursor" formation for ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) biosynthesis is the nucleoside diphosphate kinase reaction which converts the diphosphates to triphosphates. Table 2 compares the specific activities of these enzymes from R. typhi cultivated in yolk sac with those of L cells and S. typhimurium. The specific activities of the kinases of R. typhi and S. typhimurium were about the same, whereas the activities of L cells were about two-to threefold greater. Ratios of nucleotide kinase activities with UDP and dTDP as substrates in all three cases approximated 1. It is noteworthy that in the case ofR. typhi, as with S. typhimurium, the ratios between nucleoside diphosphate and nucleoside monophosphate kinase activities were very high (UDPK/UMPK = 44; dTDPK/dTMPK = 644). PAGE analysis of the kinases from the three sources is illustrated in Fig. 3 . The migration patterns of the enzymes from the three organisms were clearly different. On the other hand, UDP-and dTDP-stimulated activities comigrated in all three instances. A PAGE analysis of the migration pattern of UDPK from a preparation in which R. typhi was not separated from host material (6 days postinfection) indicated that the enzymatic activities of the host and R. typhi were both sufficiently high to be clearly separable (Fig. 4) . Hence, this method provides another example of resolution of a rickettsial enzyme in crude preparations (3).
Enzymatic activities in relation to the time of harvest of R. typhi from yolk sacs. The failure to demonstrate TdRK and URK activities in rickettsial preparations (Table 1) conceivably may have been due to the improper selection of the stage of growth of the rickettsiae at the time of harvest. For this reason we examined the rickettsiae at different stages of growth in embryonated eggs. Yolk sac preparations were used because adequate levels of rickettsial protein were not obtainable from L-cell cultures. Six-day-old embryos were infected with 3 x 10-5 dilutions of infected yolk sacs, and R. typhi was purified from 20 to 22 live embryos on the 7th, 8th, 9th, and 10th days postinfection. The enzymatic assays were carried out on cell-free extracts prepared on the day of harvest.
No nucleoside kinase activities were detected in these preparations. between days 7 and 8, and a 2.2-fold increase occurred between days 8 and 9. After the 9th day no significant increase was observed. Hence, the peak of recoverable rickettsial protein was obtained when approximately 20% of the embryos had died. (iii) The specific activity of the monophosphate kinases examined increased significantly from levels too small to be detectable with the amount of protein available on day 7 to detectable levels on day 8. From mained high during the entire period of rickettsial growth, despite a decrease by the former and an increase in the latter. DISCUSSION Investigations on the enzymatic capabilities and identity of proteins derived from rickettsial preparations have been approached by two methods: (i) enzymatic specific activities and ratios after separation from host material (Tables 2 and 3), and (ii) differential migration on polyacrylamide gels and sedimentation in sucrose density gradients ( Fig. 2 and 3) . By both criteria, it was shown that the nucleotide kinases ofR. typhi are not of host origin and that the source (yolk sac or L cells) does not influence the relative ratios of enzymatic activities.
Most eukaryotes and prokaryotes possess the "salvage" pathways for the reutilization of pyrimidine nucleosides that arise either exogenously or endogenously (1) . We have shown that R. typhi cannot take advantage of this efficient mechanism of reutilization of preformed nucleosides by two criteria: (i) the lack of uptake and degradation of uridine and thymidine by whole cells of R. typhi, and (ii) the absence of the appropriate enzymes for the phosphorylation of these nucleosides. A careful analysis of phosphate donor specificity of URK and TdRK ( Table 1 ) has revealed that although the host and a host-independent bacterium require different phosphate donors for maximal activity, no phosphate donors stimulated activity in R. typhi.
Since it is generally recognized that the stage of growth influences the levels of enzymes in bacteria, we examined this parameter in R. typhi. Recently, Wisseman et al. (23) characterized the stages of growth of R. prowazeki and found the lag (24), logarithmic, and stationary phases of growth to be comparable to those of the host-independent bacteria. When R. typhi cell-free extracts purified from embryonated eggs at 7, 8, 9, and 10 days postinfection were analyzed (Table 3) , judging by recovered activity, the rickettsiae harvested at 7 and 8 days were actively multiplying, and it can be assumed that a large number of the rickettsiae were in the logarithmic phase of growth. Still no URK or TdRK activity was detected. We VOL. 14, 1976 on October 16, 2017 by guest http://iai.asm.org/ Downloaded from conclude that R. typhi does not possess the enzymes for the phosphorylation of the pyrimidine nucleosides to the monophosphate level. These compounds must be obtained from the host cell or manufactured de novo.
The anabolism of uridine and deoxythymidine monophosphates is carried out by separate enzymes in several eukaryotes and prokaryotes (1) . The phosphorylation of UMP and dTMP was catalyzed by two distinct monophosphate kinases in R. typhi (Fig. 2) with significantly different specific activities ( Table 2 ). The sedimentation in sucrose gradients of dTMPK from R. typhi, host cell, and S. typhimurium indicates that the molecular weights of these enzymes are similar. In contrast, UMPK from R. typhi was easily separated from mouse L cells but not from the S. typhimurium enzyme. It is not known why the relative levels of UMPK and dTMPK activities increased as the stage of growth ofR. typhi changed from logarithmic to stationary (Table 3 ). The ratio of UMPK to dTMPK suggests that the levels of these enzymes, although controlled by parameters of cellular proliferation, may be a significant fac-20 16 S.p tor in the maintenance of endogenous nucleotide pools. In fact, the ratios of UMPK to dTMPK of R. typhi are comparable to those of S. typhimurium (7, 8) , and consequently the rickettsiae have the same potential for the anabolism of monophosphates as this host cell-independent bacterium.
The potential in the rickettsiae for the phosphorylation of UDP and dTDP to the triphosphate level was equivalent to that of S. typhimurium and mouse L cells. The ratio of UDPK to dTDPK (Table 3) indicates that the behaviors of these enzymes are indeed comparable and that a stable relationship exists. Unlike the monophosphate kinases, the diphosphate kinases did not show a significant growthphase variation. PAGE analysis (Fig. 3) Table 2. c ND, Not detected. ettsiae can be detected in unpurified preparations by techniques that separate proteins by molecular weight and/or electrical charge (Fig.  24) . Using these techniques, it will be possible to monitor the development of certain rickettsial enzymes and the effect of infection on host enzymes and to purify selected enzymes in the presence of host material.
It is not known to what extent the above-described rickettsial properties contribute to their obligate intracellular parasitism. Since rickettsial cell growth must depend on the availability of some host-derived metabolites, the lack of uptake of uridine and TdR and the absence of URK and TdRK in R. typhi dictates that the rickettsiae cannot salvage preformed pyrimidine nucleosides. R. typhi, however, has a strong potential for the utilization of the monophosphates after these molecules have been either taken up from the host milieu or synthesized de novo. The observations of Weiss et al. (20) that TdR was not incorporated into DNA of R. typhi and R. akari suggested that the deoxythymidine pathway in the host of heavily infected mouse L cells did not provide dTMP for use by the rickettsiae. This may not be true of other nucleotides. Hence, the rickettsiae may take up the monophosphorylated nucleosides. Chlamydial agents were shown to utilize host deoxythymidine nucleotides (9) . The only limiting factor for the phosphorylation of the pyrimidine nucleoside monophosphates is the level of ATP that appears to be provided by glutamate metabolism (18) . Under these conditions, the flow of monophosphates to triphosphates for RNA and DNA biosynthesis would be adequate for rickettsial growth.
The growth of the rickettsiae may not be restricted by the kinases but rather by other discriminating steps leading to host cell dependence. An analysis of the contribution of host metabolites to rickettsial nutritional requirements is in progress. The feasibility of examining rickettsial enzyme patterns for future nutritional studies has been documented in this paper and by Coolbaugh et al. (3). The absence of key enzymes of major pathways (i.e., glycolysis and the pentose shunt [3] ) and the pyrimidine "salvage" enzymes may reflect some of the features of rickettsial adaptation to their intracellular environment.
